ABSTRACT
INTRODUCTION
The variable region gene segments of the immunoglobulin (Ig) and T cell receptor (TCR) genes are assembled by site-specific DNA rearrangement events which occur during the differentiation of B and T cells, respectively (1, 2) . Because of this somatic DNA rearrangement, a vast diversity of exons encoding the variable region is generated from a limited number of variable (V), diversity (D), and joining (J) gene segments. V(D)J recombination is a complex process that involves many activities. Apparently, the event is initiated by sequence specific interactions of the V(D)J recombinase with the recombination signal sequences (Rss) that flank germline V, D, or J gene segments. Subsequently, pairs of recombining partners are brought together for recombination (3) (4) (5) (6) .
A pair of Rss consists of two blocks of conserved sequences, a palindromic heptamer CACAGTG and a T-rich nonamer GGTTTTTGT, separated by a spacer of non-conserved sequence of either 12 or 23 base pairs (7, 8) . Plasmid recombination substrates containing pairs of Rss in proper configurations can undergo V(D)J recombination-like events in recombinationcompetent cultured cells (8) (9) (10) (11) (12) , or in the appropriate lymphoid tissues of transgenic mouse lines (13) (14) (15) . Hence, two pairs of Rss are the minimal sequences required for V(D)J recombination (8) . Therefore, DNA-binding proteins that interact specifically with the Rss have been studied intensively as an approach to understand the molecular mechanism of V(D)J recombination (16) (17) (18) (19) (20) (21) (22) . However, the mechanism by which gene segments were brought together has not been addressed.
Using a DNA fragment containing multiple copies of Rss as a probe to screen a thymocyte Xgtl 1 expression library, we have isolated a cDNA clone for a putative recognition component Re, for the V(D)J recombination (22) . The available partial cDNA suggests that Re contains several structural domains or motifs that may be involved in Rss binding or in protein associations. These include a pair of zinc fingers, five copies of the Ser/ThrPro-X-Arg/Lys sequences, and a Glu-and Asp-rich acidic domain. Partial Re protein containing these protein domains were expressed in bacteria as fusion proteins. These proteins bind to the Rss heptamer and to the xB motif of the Ig enhancer. Interestingly, Re and its DNA ligands tend to form ladders of DNA-protein complexes in electrophoretic mobility shift assays (22) . Defining the molecular basis for the formation of these complexes and the multimeric states of Re that bind to DNA may provide insights into its possible function in V(D)J recombination. In this report, we have shown that at least two molecules of Re are required for DNA binding, and that Re also binds DNA as a tetramer and multiples of tetramers. The data suggest that Re could bring distant recognition sites together and form highly organized nucleoprotein structures.
MATERIALS AND METHODS

Plasmid construction
A 1471 bp DNA fragment corresponding to nucleotides 346 to 1816 of the published Re cDNA (22) , encoding a pair of zinc fingers, five copies of the Ser/Thr-Pro-X-Arg/Lys sequences and an acidic domain, was generated by the polymerase chain reaction (PCR) using forward primer: 5'-TAGGATATCATGGCCAC-AGCTCCGCATCCTGAGGCA-3', reverse primer: 5'-TAGG-ATATCGGCC ATGGAAGTC ATGAGGGGCGGAGAATG-3', and oligo-dT primed mouse thymus cDNA as templates. PCR conditions were 94°C, 60 sec; 25 cycles of 94°C, 30 sec, 60 c C, 1 min and 72°C 2 min; and 72°C 10 min. EcoRV sites (underlined) were incorporated into the primers so that EcoKV digested PCR products can be cloned into the Stul site of the prokaryotic expression vector pMAL-c (New England BioLabs) (23, 24) by blunt end ligation. The resultant construct, pMALRc 490 , was transformed into E.coli TB1 for fusion protein production.
5'-CGAAG£A£AfiIfiGGATCCGAATTCGGATCC-3' 3' -After annealing at 65 °C for 10 min, the oligonucleotide was endfilled in the presence of 5 mM 5-bromo-2'-deoxyuridine-5'-triphosphate (Sigma), 2.5 mM dATP, 2.5 mM dGTP, 10 /iCi [a-^PJ-dCTP, and Klenow. This heptamer oligo (10 ng, 20,000 cpm) was incubated with Mbp/Rc 490 (5 fig) as in a standard binding reaction. Afterwards, the reaction mixture was UV irradiated (wavelength 312 nm) for various intervals (0 to 45 min) at 4°C, and resolved with a 10 % SDS-polyacrylamide gel. For chemical crosslinking, die DNA-protein complexes were UV irradiated for 45 min and were subsequently crosslinked by adding dissuccinimidyl suberate (50 mM in dimemylsulfoxide, 27) to a final concentration of 1 mM. After an incubation at 25°C for 15 min, the reaction was quenched by the addition of 100 mM lysine, and the products resolved by SDS-PAGE and detected by autoradiography. 49O were reconstituted by adding guanidine hydrochloride to the protein samples to a final concentration of 6 M, following by extensive dialysis in 20 mM Tris-HCl, pH 8.0, 100 mM NaCl, and 50 /tM ZnCl 2 at 4°C (25) . Proteins were concentrated with Centricon to -400 /xg/ml, and quantified by a protein assay kit (BIO-RAD) and by SDS-PAGE.
Production of
Electrophoretic mobility shift assay and methylation interference experiments
The DNA ligand containing die Rss heptamer or the xB motif, and the procedures for methylation interference experiments have been previously described (22) . Appropriate amounts of Mbp/Rc 490 (1-8 ng, Fig. 2 ) were added to the ligand (0.2 ng, -5,000 cpm) in buffer D (20 mM HEPES pH 7.9, 100 mM KC1, 10 mM DTT, 20% glycerol, and 100 /iM ZnClJ, and in the presence of 2 /ig of poly [d(I-Q] (Pharmacia) in final volumes of 20 id. After a 25 min incubation at 25°C, products were resolved on a 5% non-denaturing polyacrylamide gel in 0.5 xTris-borate buffer (45 mM Tris-HCl, 45 mM boric acid, 1 mM EDTA, pH 8.0) and detected by autoradiography.
UV-cross linking and chemical crosslinking
Mbp/Rc 49O was tagged to radiolabeled Rss heptamer by ultraviolet (UV) crosslinking (26) . A self complementary oligonucleotide containing the Rss heptamer (underlined) was used.
RESULTS
Production of Mbp/Rc^ fusion protein
In order to produce a large amount of recombinant Re proteins for defining its interaction with the Rss heptamer, partial Re cDNA encoding 490 amino acid residues including a pair of zinc fingers, an acidic domain and five copies of the Ser-Pro-XLys/Arg sequence was subcloned into the prokaryotic expression vector pMAL-c (23) (24) not shown). Formation of multiple complexes were also observed when the *B motif was used as a substrate (data not shown).
A single protein binding site on the DNA substrate
The size of a DNA-protein complex is probably attributable to the number of Mbp/Rc 490 molecules present. To determine whether the size increase of the complexes is due to non-specific binding of Mbp/Rc 490 to additional sites on the DNA substrate, or to protein polymerization, methylation interference analysis was performed. This is to define the protein binding sites on the DNA substrate among different DNA-protein complexes. Because protein binding is inhibited by the methylation of nucleotide residues within the protein binding site, these residues will be hypomethylated in the DNA-protein complexes when compared to free DNA. If non-specific binding occurs at high protein concentrations, additional protein binding sites, other than the conserved heptamer sequence, will be observed in the large complexes. On the other hand, if protein polymerization occurs, then it is expected that the methylation patterns will be the same for all complexes. In this analysis, the concentration of Mbp/Rc 4 9o was adjusted so that ~20% of the DNA substrate Figures are the mean of three experiments. DNA -protein complexes are labeled Bl to B5 with decreasing electrophoretic mobilities (Fig. 2) . m is the gel migration distance of the free Rss heptamer probe, and m' is the Mbp/Rc 4 9o protein induced decrease migration distance. MW, = (m/m'-l)K, in which K is equal to 215 kDa for 5% polyacrylamide gels (28). The number of Mbp/Rc 490 molecules, N, is determined by dividing MW, with 100.
was bound and two to three complexes were formed. After EMS A, the bound and the free DNA were recovered from the gel, and the methylated residues cleaved by piperidine. Figure  3B shows the products produced by a DNA substrate containing the conserved heptamer sequence. Analysis of the bound DNA (Fig. 3, lane 12 ) compared to the free DNA (Fig. 3, lane 11) suggests that the two G-residues in the 'GTG' sequence of the conserved heptamer are hypomethylated in the bound DNA for the upper strand. The two G-residues within the conserved heptamer are also hypomethylated in the bound DNA for the lower strand (Fig. 3, lanes 13 and 15) . Except for the G-residue which is immediately 3' to the 'GTG' sequence, no significant methylation interference was observed for those G residues outside the conserved heptamer. The methylation of that G residue flanking the heptamer interfered with Mbp/Rc 4 9o binding probably due to steric hindrance. In addition, the methylation pattern for the smallest complex, Bl (Fig. 3, lane 15) , is comparable to that of the larger complex, B2 (Fig. 3, lane 13) . The result shows that Mbp/Rc49o binds specifically to the conserved heptamer and no high affinity protein binding sites other than the conserved heptamer were detected in the larger complex. Hence, the result infers that the size increase of the DNA-protein complexes is due to protein polymerization at high protein concentrations. The data suggest that Mbp/Rc 490 can somehow multimerize at high protein concentrations. To determine whether this process is specific for the conserved heptamer sequence, a similar analysis was performed using the other Re recognition sequence, the xB motif. A DNA fragment containing the xB motif also forms multiple complexes with Mbp/Rc 490 . The G lanes (Fig. 3, lanes  5 and 8) show the cleavage products of the lower and the upper strand of methylated DNA fragments containing the xB binding site prior to EMS A, respectively. Comparing these products to their corresponding bound DNA (the B lanes), the three G residues for the upper strand, and the two G-residues for the lower strand, within the xB binding site are hypomethylated. The patterns of methylation for the smallest complexes Bl (Fig. 3A,  lanes 4 and 9) are similar to that of their respective larger complexes, B2 and B3 (Fig. 3A, lanes 1 and 2, 6 and 7) . There is no significant methylation interference observed for those G residues outside the xB binding site. These data suggest that Mbp/Rc 49 o can also multimerize with the xB motif.
Re binds DNA as dimers, tetramers and probably multiples of tetramers
The number of MbpfRc 490 molecules in each complex shown in Fig. 2 has to be determined in order to define the molecular basis for multiple complexes formation and the multimeric states of Re that bind to DNA. Previous studies have suggested that the electrophoretic mobility of a DNA-protein complex is inversely proportional to the molecular weight of the bound proteins (28, 29) . Hence those complexes with slower gel mobilities are expected to contain more Re molecules. The apparent molecular weight of the bound proteins (MW,,) for each complex was determined by formula (i): MW, = K(m/m'-l), where m is the migration distance of free DNA, m' is the migration distance of the DNA-protein complex, and K is equal to 215 kDa for a 5% polyacrylamide gel (28) . Based on this formula, the mean MW, of complexes Bl to B5 were 204 kDa, 426 kDa, 778 kDa, 1150 kDa, and 1557 kDa, respectively ( Table 1) .
The number of Mbp/Rc 490 molecules (N) in each complex was determined by dividing MW, by the molecular weight of Mbp/Rc 490 which is ~ 100 kDa. Formula (ii): N = MW./100. DNA-protein complexes are labeled A to F as shown in Figure 5 . m is the gel migration distance of the free heptamer probe, and m' is the protein (Mbp/Rc 490 , Rc 4 9o, or both) induced decrease migration distance. MW, = (m/m'-l)K, in which K is equal to 215 kDa for 5% poryacrylamide gels (28) . Molecular weights of Mbp/Rc 490 and Rc 49O proteins are 100 kDa and 58 kDa, respectively.
As N must be a whole number, the values were rounded up to the closest integers. Based on these calculations, the numbers of Mbp/Rc 490 molecules in complexes Bl to B5 were estimated to be 2, 4, 8, 12, and 16, respectively ( Table 1 ). The data suggest that Mbp/Rc 4 9o binds DNA as dimers (Bl), tetramers (B2), and probable multiples of tetramers (B3-B5). Hence, at least for complexes Bl to B5, the multimerization appears not to be a random event, but to occur in an ordered manner.
Two molecules of Mbp/Rc^ were required for DNA binding
In order to further establish that Re binds to its DNA ligand initially as dimers, hybrid EMS A employing two different forms of Re proteins was performed. The first form is MbpfRc i90 and the second form is Rc 490 . Rc 490 was recovered from Mbp/Rc 49O by digesting the fusion protein with the specific protease factor Xa (Fig. 5A, Fig. 1, lane 6) . The pMAL-c vector contains the sequence coding for the recognition site of factor Xa, located upstream of the polylinker. After factor Xa digestion, Rc 4 oo was purified from the samples by hydroxyapatite columns. While the -45 kDa Mbp was present in the flow through fractions (Fig.  1, lane 5) , the -55 kDa Rc 490 was collected in the 100 mM sodium phosphate eluate (Fig. 1, lane 4) . Judging from Coomassie Blue stained protein gels, the purity of Rc 490 was -60% at this stage.
When a large protein and a small protein are employed in EMSA and a complex with a given number of protein molecules considered, a DNA-protein complex consisting of chimeric protein molecules will have a mobility intermediate between that of the large protein and that of the small protein (29) . We postulate that the multimeric state of Re can be determined by counting the number of chimeric complexes formed. The rationale is illustrated in Fig. 4 , which presents three possible multimeric states of Re and their respective chimeric complexes. If Mbp/Rc 4 9o and Rc 49O bind DNA as monomers, there would be no chimeric complexes formed (Fig. 4, lane 1) . However, if Re binds DNA as dimers, a heterodimer consisting of a Mbp/Rc 4go molecule and a Rc 490 molecule would be detected (Fig. 4, lane  2) . On the other hand, if Re binds DNA as a tetramer, three chimeric complexes would be detected (Fig. 4, lane 3) . From this, we postulate that if Re binds DNA as an oligomer with subunits equal to n, the number of chimeric complexes formed will be equal to n-1. In other words, the minimum moiety by which Re binds to DNA is equal to the number of chimeric complexes formed, plus one.
When Rc 490 (0.5 ng) and the Rss heptamer DNA were employed in EMSA, a DNA-protein complex, A, was observed ( Fig. 5B, lane 3) . Because Rc 490 is smaller than complex A has a faster electrophoretic mobility than complex C which consists of Mbp/Rc 490 (Fig. 5B, lanes 1 and 3) . Significantly, when the amount of RC490 was increased to 1 ng, complex F with slower gel mobility was detected (Fig. 5B, (Fig. 5B, lane 5) . Because there was one chimeric complex B formed between complexes A and C (Fig. 5B, lane 5) , we conclude that Re binds DNA initially as dimers. The probable subunit assignments for those complexes shown in Fig. 5B are presented diagrammatically on the right. Except for complex A, the molecular weight of each complex predicted from its composition was in keeping with the MW a evaluated from its gel mobility (Table 2 ). This analysis showed that complex A consists of two molecules of Rc 490 Fig. 5B ) were expected between complexes E and F, only one complex, D, was actually detected (Fig. 5B, lane 5) . This may be due to the inability of the gel to resolve these large complexes. However, as complex E (MW 400 kDa) migrated as an distinct entity in that gel, it is more likely that a particular chimeric complex was preferentially formed in that experiment. Based on their compositions, MW of LV, LV" and D° were calculated to be 358 kDa, 316 kDa, and 274 kDa, respectively (Table 2) . Accordingly, the MW of D>> best fits the MW, of complex D, which is 307 kDa ( Table 2) . D* contained an equivalent molar amount, two molecules each, of Mbp/Rc 490 and Rc 4 9Q. Fig. 6A is an autoradiography of a protein gel showing that a protein product corresponding to Mbp/Rc 490 monomer was radiolabeled after 5 min of UV irradiation. The radioactivity of this protein species increased with prolonged UV irradiation (Fig. 6A, lanes 3 -8) . All heptamer DNA was covalently linked to Mbp/Rc 490 after 20 min UV irradiation. Radioactive signals were observed only for the free DNA but not Mbp/Rc 490 for those samples that had not been UV-irradiated (Fig. 6A, lane 1) , or when Mbp alone was used (data not shown). Thus Mbp/Rc-1 can be radiolabeled by the UV-crosslinking method efficiently.
Detection of protein dimer
The presence of Mbp/Rc 4 9o oligomers was demonstrated by incubating the DNA-protein complexes with the amino-reactive homobifunctional chemical cross-Unking reagent disuccinimidyl suberate (DSS), and followed by SDS-PAGE. In a SDSpolyacrylamide gel, the molecular weight of a protein dimer is twice that of a monomer. DSS was added to UV-crosslinked Mbp/Rc 490 and heptamer DNA to a final concentration of 1 mM. Mbp/Rc 49 o monomer, dimers and tetramers were detected after SDS-PAGE (Fig. 6, lane 9) . Only monomers, but not dimers or tetramers, were observed without chemical crosslinking because non-covalently linked DNA-protein complex will dissociate during SDS-PAGE (Fig. 6, lane 10) . The detection of Mbp/Rc 4 9o dimers and tetramers demonstrates protein-protein interactions among Mbp/Rc 4 9o molecules.
DISCUSSION
Many specific DNA-binding proteins bind to sites with dyad symmetry, and the DNA-bound form of the protein is often a dimer (30 Larger complexes appeared to use the tetramer as a building subunit. The reason for the formation of high molecular weight complexes using the tetramer as a unit is yet to be investigated. However, the predominant forms of several DNA binding proteins, such as p53 (32) and Spl (33) , are also tetrameric. In the case of SP1, higher multimers consisting of multiples of tetramers have also been noted (33) .
Although our experiments cannot resolve whether DNA is required for dimerization, the fact that chimeric complexes were detected in hybrid EMSA implies that Re does not form stable dimers without DNA. The multimerization of Mbp/Rc 490 appears not to be a random process, as the sizes of B3, B4 and B5 were each differed by an increment of four protein molecules. Moreover, complexes with particular compositions may be preferentially formed in the binding reaction. For example, complexes D" and ffwre not detected in hybrid EMSA (Fig.  5B, lane 5) . Mbp/Rc 4 9o and a DNA fragment containing the xB motif were also able to form multiple complexes in EMSA (22) . Hence, it appears that Re can multimerize in the presence of either the Rss heptamer or the xB motif.
Whereas it is not possible to conclude from these experiments the structure of the large complexes, it is conceivable that these complexes contain many protein and DNA molecules. The large complexes did not seem to be results of non-specific binding of Re to the DNA at high protein concentrations. There were no observable differences in the pattern of methylation interference for complexes Bl, B2 and B3; only the Re recognition sites were protein bound and no contiguous protein binding was indicated on the DNA in those larger complexes (Fig. 3) . Together with the detection of Mbp/Rc 490 dimers and tetramers in chemical crosslinking experiments, the multimerization is likely a result of protein-protein interactions.
There are two motifs in the putative Re protein that may participate in protein-protein interactions. The available Re cDNA predicts two CyS2-His2 zinc fingers which are well known DNA binding domains (22) . The DNA binding domains of the steroid receptors for estrogen, glucocorticoid or thyroid hormones also consist of two zinc fingers. These receptor molecules interact with their responsive elements in the forms of homodimers and heterodimers (34, 35) . For each of these proteins, the first finger exhibits specific DNA binding while the second finger appears to be responsible for protein dimerization and the orientation of the first finger (36) . In addition, the zinc fingers of Re are followed by a glutamic acid and aspartic acid rich region (22) . Acidic domains in DNA binding proteins may be involved in protein-protein interactions (33) . Whether these putative domains in Re are involved in protein dimerization remains to be established.
The biological activities of a DNA binding protein may be regulated by its multimeric state. For example, the ability of estrogen receptor and thyroid hormone receptor to discriminate between DNA response elements is a result of dimerization of their DNA binding domains (37) . Furthermore, a correlation has been suggested between the occurrence of the oncoprotein p53 in high molecular weight forms and the transformation state of the cell (38) . The fact that Re binds DNA as dimers and forms multimeric structures suggests a possible level of control for Re functions.
Association of DNA-bound proteins to generate organized nucleoprotein structures is important in transcription, replication and recombination (39) . For example, interactions between die transcription factor SP1 binding to the distal and proximal promoter sites can facilitate transcription (40) . The lymphoid enhancer factor 1 may facilitate assembly of nucleoprotein structures by aligning distant binding sites (41) . The physiological significance of the formation of multimeric structures among Re and the Rss heptamer remains speculative at the moment. Of the Rss DNA binding proteins reported (16) (17) (18) (19) (20) (21) (22) , multimerization has been demonstrated only for Re. The gene segments of the Ig and TCR genes are assembled by somatic recombination (1, 2) . Each variable region of the Ig H, X, and x chains, and the TCR a, /3, 7, and 5 chains, consists of clusters of gene segments flanked by the Rss. The recombination process requires synapsis formation of two distant gene segments among numerous similar structures, for joints to be made. Bringing gene fragments into the proper orientation may be facilitated by the DNA binding activity (19) . Protein binding to these clustered Rss may create a high local concentration of DNA-protein complexes, which then multimerize, to form a transient state allowing the productive and non-productive joining of gene segments. Re could bring distant DNA binding sites together through multimerization of its DNA-protein complexes, fulfilling an important requirement for the somatic recombination process.
